firm the photonic effect of the nano-antennas by demonstrating linearly polarised PL and enhanced Raman scattering in the coupled WSe 2 . Our findings show an effective approach to engineering light-matter coupling at the nanoscale, by exploiting the low-loss optical modes of the dielectric nano-antennas together with the unique mechanical and optical properties of 2D semiconductors. This work opens the way for utilization of 2D semiconductors as a novel active medium in the emerging field of photonic meta-surfaces [22] .
The calculated spatial distribution of the electric field around the cylindrical double-pillar GaP nano-antennas (referred to as 'dimers' below) is shown in Fig.1b -c, when excited with light polarized linearly along (X) and perpendicular (Y ) to the line connecting the centres of the pillars. While the maximum confinement of the optical mode is observed around the pillar edges, it is seen that a strong field in the X-polarisation is localized in an ultra-small volume within the dimer gap [3, 23] , in contrast to the Y -polarized field showing reduced amplitude (insets in Fig.1b and 1c) . Atomic force microscopy (AFM, Fig.1d) shows that a monolayer of WSe 2 closely follows the shape of the dimer, thus strongly overlapping with the volume of the confined optical mode. As shown in Fig.1e the spectral response of the nano-antenna is very broad, extending well into the visible and near-infra-red ranges, and fully overlapping with the PL profiles of both 1L and 2L-WSe 2 (see Supplementary Note I). Fig.1f shows a PL image of 1L and 2L samples deposited on an array of nano-antennas and measured using an optical microscope. The image is recorded with a short-pass filter in the white light illumination and a long-pass filter in the imaging path using the techniques of Ref. [24] . Bright PL replicating the shape of the dimers is visible for both 1L (yellow) and 2L (purple), whereas the PL from WSe 2 on planar GaP is very weak (dark areas around the pillars). A comparison of the intensities in the PL and dark field microscopy images is shown in Fig.1g , where the intensities are measured along the dotted line shown for one of We have additionally carried out detailed room temperature PL measurements in our micro-PL setup for 1L and 2L-WSe 2 placed on GaP nano-antennas. We use a laser with wavelength λ =685 nm, which is below the GaP absorption edge, and is absorbed only in the WSe 2 layer. Figs.2a and b show PL spectra for 1L and 2L-WSe 2 coupled to GaP nano-antennas with r =100 nm and compare them with PL from the 2D layers placed on the planar GaP. Strong enhancement of PL intensity exceeding 50 times for WSe 2 placed on nano-antennas is observed. Lower PL intensity for 2L-WSe 2 is a consequence of its indirect bandgap, in contrast to the 1L-WSe 2 having a direct band-gap. The effect of strain present in WSe 2 placed on the nano-pillar is evident in the PL redshift for 1L and spectral modification for 2L samples.
We compare the observed PL intensity for WSe 2 coupled to the nano-antennas (I on ) to that of the uncoupled WSe 2 on planar GaP (I of f ) by introducing the PL enhancement factor [14, 15, 25, 26] , EF , defined as:
Here we take into account the significant difference between the PL collection area A laser defined by the excitation laser spot of 3.5 µm diameter, and the geometrical area for a given dimer, A dimer = 2 × πr 2 . We expect that A dimer is larger than the actual area from where the enhanced PL is collected (effectively edges of the pillars). Thus, EF calculated in this way is expected to be a lower bound estimate of the observed effect. where EF changes from ≈ 30 to 4 · 10 4 . Such large EF values are comparable with the highest reported in plasmonic/TMDs systems [15] .
As we show below, the observed enhancement is the consequence of the interaction of antennas with the large radii is probably due to its higher rigidity compared with 1L. As the radius becomes smaller the 2L conforms more closely with the shape of the nano-antenna, and in addition the increased strain in the crystal may lead to the indirect to direct bandgap crossover [27] , yielding larger values of EF .
In order to compare this result with our theory, we introduce an effective enhancement factor EF ef f defined as:
Here γ exc /γ 0 exc is the ratio of the excitation rates at a wavelength λ exc , for an emitter coupled to the antenna (γ exc ) and placed on the planar substrate (γ
where E and E 0 denote the amplitudes of the total electric field on the surface of the antenna and on the substrate, respectively. Their ratio would account for the enhancement of the incident radiation leading to stronger light absorption in WSe 2 . The dependence of this ratio on the pillar radius r is shown in Fig.2d for an electric dipole placed 0.5 nm above the top surface of the pillars (see more details in Methods and Supplementary Note III). The dipole is placed at the edge of one of the pillars just outside the gap between the two pillars.
As shown in the inset in Fig.2e and in Supplementary Note III this is the position where the coupling to the optical mode of the dimer is maximized. The data in Fig.2d-f , showing the individual contributions of the different terms to the overall enhancement in Eq.2, are calculated for this position of the dipole.
The second term describes the enhancement of the quantum yield (q/q 0 ) for an emitter at a wavelength λ em . This is achieved through the enhanced rate of spontaneous emission [26] described by the Purcell factor F p = γ r /γ 0 r , where γ r and γ 0 r are the rates of spontaneous emission for the emitter coupled to the antenna and placed on the planar GaP, respectively.
In our model we consider the limit of a low quantum yield for the emitter, i.e. the nonradiative decay γ nr F p γ r , which leads to q/q 0 = F p (γ r + γ nr )/(F p γ r + γ nr ) ≈ F p . The dependence on r for this term is shown in Fig.2e .
The third term η/η 0 describes the improved collection efficiency for WSe 2 PL on top of the nano-antennas (η) compared to planar GaP (η 0 ), as the emitted radiation is coupled to our detector using collection through numerical aperture NA=0.7. The dependence on r of η/η 0 is shown in Fig.2f . Fig.2g shows the calculated theoretical values of the effective enhancement factor EF ef f taking into account the above three mechanisms [14, 26] . The dependences of EF ef f and EF are in a good qualitative agreement, suggesting that the theory captures the main contributing factors.
We find further evidence for the sensitivity of the WSe 2 coupling to the optical mode of the dimer in polarisation resolved PL measurements. The spatial asymmetry of the dimer nano-antenna and the enhanced field in the gap between the two pillars is expected to lead to a polarisation-dependent response [3, 23] as predicted by Figs.1b,c. Such behavior is found in PL in WSe 2 coupled to nano-antennas, as shown in Fig.3a-c. Fig.3a shows the case for a nano-antenna with r = 400 nm and a gap g = 65 nm. It is observed that PL is 20% stronger when excited with an X-polarized laser compared to the Y -polarized excitation (X and Y are selected as in Figs.1b,c) . A similar modulation is observed in dimers with other values of r (see Supplementary Note IV). The origin of this behaviour is further revealed when considering touching pillars with no gap. Fig.3b shows the dark-field microscope images of dimers without (top) and with (bottom) a gap. The graphs in Fig.3b show the extracted scattering intensities along the line connecting the centres of the pillars, revealing the absence (left) or the presence (right) of the gap. Fig.3c shows the integrated PL intensity for WSe 2 coupled to such dimers measured in a micro-PL set-up. In the dimer with a gap, the PL is modulated by 20% when varying the polarisation of excitation, exhibiting higher intensity for X-polarised laser, which is due to the excitation of the optical mode in the gap between the pillars. A negligible polarisation dependence is observed in the dimer with no defined gap, emphasizing nearly equal coupling of WSe 2 to the X-and Y -polarised optical modes.
The theoretical interpretation in Fig.2 demonstrates that partly the PL enhancement originates from the enhanced radiative decay rate in WSe 2 . We have been able to demonstrate this experimentally by measuring PL dynamics in WSe 2 . Fig.4a shows the PL decay for a 1L-WSe 2 placed on the planar GaP (purple) compared to the emission when it is coupled to a nano-antenna with r = 200 nm (orange). The curves are measured using excitation with a 90 ps pulsed laser at 638 nm and detection with an avalanche photo-diode detector (see Methods). The corresponding instrument response function (IRF) is shown in Fig.4a as a gray shaded area. For these measurements, we used a low excitation density (0.2 W/cm 2 )
to avoid non-radiative exciton-exciton annihilation, resulting in fast PL decay [4, 28] . For low pumping powers, single exponential decay is usually observed, reflecting the radiative recombination dynamics of the thermalised exciton population [29, 30] . Such behavior is observed in Fig.4a for the 1L-WSe 2 on the planar GaP, which shows a single-exponential PL decay with a lifetime τ GaP ≈ 1. ≈6. This is in a good agreement with the theoretical predictions, for which we should take into account the spatial variation of the Purcell enhancement in the WSe 2 coupled to the mode. Note that Fig.2e only shows the values obtained for the optimum location of the dipole where the enhancement is maximised (see further details in Supplementary Note III).
Further evidence for the efficient interaction of WSe 2 with the nano-antennas is obtained from the observation of the enhanced Raman scattering response. This effect, typically observed for nano-structured metals [13] and dielectric nano-particles [31] , is related to the (Fig.4d) . The observed Raman intensity enhancement is explained by the enhancement of the laser and the scattered light fields and a more efficient collection of the signal (see Eq.2).
The reported enhancement in the PL emission and Raman signal intensities, and shortening of the radiative lifetime in 2D WSe 2 coupled to GaP nano-antennas, shows that nanostructured high-index dielectrics can be an efficient alternative to plasmonic structures as a platform to engineer light-matter coupling on the nano-scale. Importantly, we show that the coupling to nano-antennas can be used to significantly enhance the quantum yield in
TMDs via the enhancement of the radiative decay rate, emphasizing the potential of this approach for device applications. Our approach could be expanded to arrays of dielectric nano-structures, or meta-surfaces, an emerging field of nano-photonics [22] with potential in a wide range of applications, such as quantum optics, photovoltaics and imaging. The approaches for realisation of the Purcell effect in loss-less dielectrics demonstrated here will also be used in the growing field of strain-induced single photon emitters [33, 34] for applications exploiting quantum light generation. The PL decay curves are fitted with single and bi-exponential decay functions of the form We find experimentally that A laser = 16.8 µm 2 in the micro-Raman set-up.
Simulations
The theoretical enhancement factor is calculated with a finite-difference time-domain is calculated as the decay rate γ of an emitter coupled to the GaP antenna, divided by the decay rate γ 0 of the same electric dipole emitter on the planar GaP substrate as described above. The decay rate enhancement γ/γ 0 corresponds to the enhancement of the rate of energy dissipation P/P 0 . The collection efficiency is calculated by exciting the structure with an electric dipole, as above, and integrating the radiation pattern within the numerical aperture of the objective used in the experiments (NA=0.7). The refractive index used for GaP is n=3.2.
